Mitogen-activated protein kinase (MAPK) signaling and endoplasmic reticulum (ER) stress in the brain have been implicated in the pathophysiological mechanisms in hypertension. The present study determined whether ER stress occurs in subfornical organ (SFO) and hypothalamic paraventricular nucleus (PVN) in heart failure (HF), and how MAPK signaling interacts with ER stress and other inflammatory mediators. HF rats had significantly higher levels of the ER stress biomarkers (GRP78, ATF6, ATF4, XBP-1, P58 IPK and CHOP) in SFO and PVN, which were attenuated by a 4-week intracerebroventricular (ICV) infusion of inhibitors selective for p44/42 MAPK (PD98059), p38 MAPK (SB203580) or JNK (SP600125). HF rats also had higher mRNA levels of tumor necrosis factor-α, interleukin-1β, cyclooxygenase-2 and NF-κB p65 and lower mRNA level of IκB-α in SFO and PVN, compared with SHAM rats, and these indicators of increased inflammation were attenuated in the HF rats treated with the MAPK inhibitors. Plasma norepinephrine level was higher in HF than SHAM rats, but was reduced in the HF rats treated with PD98059 and SB203580. A 4-week ICV infusion of PD98059 also improved some hemodynamic and anatomic indicators of left ventricular function in HF rats. These data demonstrate that ER stress increases in the SFO and PVN of rats with ischemia-induced HF, and that inhibition of brain MAPK signaling reduces brain ER stress and inflammation and decreases sympathetic excitation in HF. An interaction between MAPK signaling and ER stress in cardiovascular regions of the brain may contribute to the development of HF.
INTRODUCTION
Heart failure (HF) is characterized by increased sympathetic nerve activity, driven in part by increases in brain inflammation and renin-angiotensin system (RAS) activity in cardiovascular regulatory regions of the brain, including the subfornical organ (SFO) and the hypothalamic paraventricular nucleus (PVN). Activity of the mitogen-activated protein kinase (MAPK) signaling cascade that results in the phosphorylation of three major terminal effector kinases-p44/42 MAPK (also called extracellular signal-regulated protein kinases Erk1/2), p38 MAPK and c-Jun N-terminal kinases (JNK) -also increases in the SFO and PVN in HF. 1 Angiotensin II (ANG II) and pro-inflammatory cytokines (PICs) both activate MAPK signaling, which has been implicated in upregulation of AT1-R expression in the SFO and PVN and sympathetic excitation in HF. 2, 3 However, the mechanisms by which MAPK activates sympathetic nerve activity remain poorly defined.
The endoplasmic reticulum (ER) is an intracellular organelle that plays an important role in the synthesis, folding and translocation of proteins. ER stress is caused by an excessive accumulation of unfolded proteins in the ER lumen, 4 which evokes the unfolded protein response (UPR) with activation of a series of downstream signal transduction pathways including MAPK signaling. 4, 5 In peripheral tissues, ANG II and PICs can also induce ER stress and the UPR. 6, 7 ER stress has been implicated in the pathophysiology of a variety of chronic disease states including diabetes mellitus, 8 obesity 9-11 and cardiovascular diseases. 12 More recently, ER stress in the brain has been found to be involved in the regulation of sympathetic drive and cardiovascular function in ANG II-induced hypertension 13 and in obesity. 14 Since RAS activity and inflammation are both upregulated in the brain of HF rats, [15] [16] [17] [18] [19] and both can induce ER stress and MAPK signaling in peripheral tissues, we investigated whether indicators of ER stress are upregulated in SFO and PVN in HF rats, and whether MAPK signaling has a role in that process. We also examined the effects of inhibiting brain MAPK signaling on gene expression of the nuclear transcription factor kappa B (NF-κB) and the inflammatory mediators tumor necrosis factor (TNF)-α, interleukin-1 beta (IL-1β), cyclooxygenase (COX)-1 and COX-2, circulating norepinephrine (NE) as an indicator of sympathetic nerve activity. Because brain p44/42 MAPK is known to contribute to sympathetic activation in heart failure 3 and hypertension, 20 and the p44/42 MAPK inhibitor proved particularly effective in reducing indicators of ER stress in the present study, we further examined its effects on anatomical and physiological indicators of heart failure. conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Experimental protocols
Rats underwent coronary artery ligation to induce heart failure (HF) or a sham operation (SHAM). 21 All rats underwent echocardiography within 24 hours of surgery to determine left ventricular function. Only animals with large infarctions (ischemic zone >35 % of the circumference of the left ventricle) were assigned to HF treatment groups.
HF rats underwent a 4-week ICV infusion (0.25 μl/hr, 0.6 mmol/L) of the p44/42 MAPK inhibitor PD98059 (HF+PD), the p38 MAPK inhibitor SB203580 (HF+SB), the JNK inhibitor SP600125 (HF+SP), or vehicle (VEH; HF+VEH) via osmotic micro-pumps (Alzet, Cupertino, CA), beginning within 24 hours of coronary ligation or sham surgery. SHAM rats receiving ICV VEH (SHAM+VEH) served as control. Four weeks after induction of HF, some rats underwent a second echocardiogram to assess the effects of the treatment protocols on left ventricular (LV) function.
At the conclusion of the treatment protocols, some animals were anesthetized with urethane and a Millar catheter (Millar, Houston, TX) was inserted in the right carotid artery and advanced into the LV to measure LV end-diastolic pressure (LVEDP) and the maximal rate of rise of LV systolic pressure (LV dP/dt max). These animals were then euthanized to collect heart and lungs for anatomical studies. Others were decapitated or transcardially perfused while deeply anesthetized to collect brain tissues for molecular and immunofluorescent studies.
Real-time PCR and ELISA studies-Real-time PCR was performed on SFO, PVN and cortical tissues from all 5 groups (n=6 in each group) to measure gene expression of the ER stress biomarkers glucose-regulated protein 78 (GRP78), activating transcription factor (ATF)-6, RNA-activated protein kinase p58 IPK and C/EBP homologous protein (CHOP), the proinflammatory cytokines TNF-α and IL-1β, COX-1 and COX-2, and the NF-κB components p65 and IκB-α.
Trunk blood from rats in all 5 groups (n=6 in each group) was assayed by ELISA for plasma concentration of NE, a general indicator of the level of sympathetic activation.
Western blot and immunofluorescent studies-Further studies were conducted to determine the effect of inhibiting p44/42 MAPK signaling on ER stress-related proteins in SFO and PVN. Western blot was used to measure the protein levels of GRP78, X-box binding protein 1 (XBP1) and ATF4 in the SHAM+VEH, HF+VEH and HF+PD rats (n=6 in each group). Immunofluorescent staining was used to examine the expression of GRP78, XBP-1 and ATF4 in the HF+VEH and HF+PD rats (n=6 in each group).
Hemodynamic and anatomical assessment-The presence of myocardial scar was confirmed visually in all HF groups. In the SHAM+VEH, HF+VEH and HF+PD groups, the heart weight to body weight (BW), right ventricular (RV) weight to BW and wet lung weight to BW ratios were determined.
Specific Materials and Methods
Further description of materials and methods is available in the online data supplement (http://hyper.ahajournals.org).
Statistical Analysis
The significance of differences among groups was analyzed by 2-way repeated-measure ANOVA followed by post hoc Fisher's test. For other unpaired data, a Student's t-test was used for comparison between groups. p< 0.05 was considered to indicate statistical significance.
RESULTS

Echocardiographic assessment of heart failure
Echocardiographic assessments within 24 hours after coronary artery ligation demonstrated that LVEF was reduced and LV end-diastolic volume (LVEDV) was increased in rats with HF, compared with SHAM (Table S1 ). The HF animals assigned to each treatment group 24 hours after coronary artery ligation were well-matched with regard to % ischemic zone and LV ejection fraction (LVEF). Repeat echocardiograms obtained in some HF+VEH rats at 4 weeks revealed that LVEF did not change significantly but LV volume/mass ratio increased as heart failure progressed (Table S1 ).
Effects of MAPK inhibitors on gene expression of ER stress markers
HF+VEH rats had significantly higher mRNA levels for the ER stress biomarkers GRP78, ATF6, p58 IPK and CHOP in SFO and PVN 4 weeks after coronary ligation, compared with SHAM+VEH rats (Figure 1 ). HF+PD and HF+SB rats had significantly lower mRNA levels of these ER stress biomarkers in both nuclei, with SB203580 being most effective in SFO and PD98059 most effective in PVN. HF+SP rats had lower mRNA levels of GRP 78, ATF6, and CHOP, but not p58 IPK , in SFO and PVN. There were no differences across treatment groups in the gene expression of these ER stress biomarkers in cerebral cortex.
Effects of MAPK inhibitors on gene expression of inflammatory mediators
The HF+VEH rats had higher mRNA levels of TNF-α, IL-1β and COX-2 in SFO and PVN, compared with the SHAM-VEH rats ( Figure 2 ). HF+PD, HF+SB and HF+SP rats all had lower mRNA levels of TNF-α, IL-1β and COX-2 in SFO and PVN than HF+VEH rats. There was no difference in COX-1 mRNA across groups. HF+VEH rats also had higher NF-κB p65 mRNA levels and lower IκB-α mRNA levels in SFO and PVN, compared with SHAM+VEH rats. These two components of NF-κB were normalized in the HF+PD and HF +SB rats. There were no differences across treatment groups in the gene expression of these inflammatory mediators in cerebral cortex.
Effects of MAPK inhibitors on plasma NE
Plasma NE levels were higher in HF+VEH compared with SHAM+VEH rats (Figure 3 ). In HF+PD and HF+SB rats, the plasma concentrations of NE were significantly lower than those in the HF+VEH rats. The reduction in plasma NE levels in HF+SP rats did not reach statistical significance.
Effects of the p44/42 MAPK inhibitor on ER stress proteins
To validate the significance of real-time PCR data, Western blot was used to measure the protein levels of several ER stress biomarkers, GRP78, XBP-1 and ATF4, in the SFO and PVN in the SHAM+VEH, HF+VEH and HF+PD rats ( Figure 4 ). These data confirmed the increased expression of ER stress in the SFO and PVN of the HF+VEH rats, compared with the SHAM+VEH rats, and a lower level of ER stress biomarkers in HF+PD rats.
Confocal immunofluorescent images revealed intense expression of GRP78 immunoreactivity in the SFO and PVN ( Figure 5 ) in HF rats. The ER stress biomarkers XBP-1 and ATF4 were also expressed in the SFO and PVN, but to a lesser extent. In the PVN, these ER stress biomarkers were expressed in dorsal parvocellular, medial parvocellular, ventrolateral parvocellular and magnocellular regions, the four commonly recognized subdivisions. In the SFO, they were evenly expressed throughout the nucleus. In HF+PD rats, the expression of GRP78, XBP-1 and ATF4 in SFO and PVN was reduced.
Effects of the p44/42 MAPK inhibitor on indicators of HF
Echocardiography revealed no significant improvement in left ventricular ejection fraction (LVEF) or LV volume/mass ratio in HF rats treated with PD, compared with HF rats treated with VEH ( Figure 6 ).
Hemodynamic assessment at the completion of the experiments revealed that HF+VEH rats had a higher LV end diastolic pressure (LVEDP), and a lower LV peak systolic pressure (LVPSP) and maximal rate of rise of LV systolic pressure (LV dP/dt max), than SHAM +VEH rats. HF+PD rats had increased LV dP/dt max, decreased LVEDP compared with HF +VEH rats, but these values were still significantly different from those in SHAM+VEH rats ( Figure 6 ). LVPSP was not significantly different in HF+PD versus HF+VEH rats (Table  S1 ).
The anatomic assessment exhibited that the heart /BW, RV/BW and lung /BW ratios were substantially higher in HF+VEH compared with SHAM+VEH rats, but were significantly reduced in the HF+PD rats ( Figure 6 ).
DISCUSSION
We previously reported that the expression of phosphorylated p44/42 MAPK, p38 MAPK and JNK is upregulated in the SFO and PVN in HF, 2, 3 and that increased activity of MAPK signaling in the brain plays an important role in the neurohumoral activation in HF rats. 3 In part, this appears to be related to MAPK-mediated upregulation of brain RAS activity. 2, 22 The present study sought to determine whether brain MAPK signaling in HF stimulates the activity of other central mechanisms that may contribute to sympathetic excitation. We observed increases in biomarkers of ER stress and inflammation in the SFO and PVN of HF rats that were significantly attenuated in HF rats treated with a continuous ICV infusion of selective inhibitors for each of the major MAPK signaling pathways. Among these, inhibitors of the p44/42 and p38 MAPK signaling pathways were most effective. Peripheral indicators confirmed an associated reduction in plasma NE, a general indicator of sympathetic activity, and improvements in cardiac remodeling and cardiac function. These new findings, taken together with our previous results, 2, 3, 23 suggest that brain MAPK signaling contributes significantly to the excitatory neurochemical milieu driving sympathetic activity in HF.
Emerging evidence suggests a role for brain ER stress in the pathophysiology of cardiovascular diseases. Young et al. 13, 24 reported that ER stress in the SFO plays an important role in mediating the progression of ANG II-induced hypertension in mice. Chan et al. 25 reported that ER stress is upregulated in the rostral ventrolateral medulla of spontaneously hypertensive rats and contributes to the development of hypertension. However, the presence of ER stress is not uniformly associated with sympathetic activation. One study in DOCA-salt mice reported that ER stress does not contribute to the blood pressure response even though it does mediate the DOCA-induced saline intake. 26 Another reported an increase in mRNA for biomarkers of ER stress but no increase in ER stress proteins in SFO and PVN of DOCA-salt mice, and no effect of ICV treatment with the ER stress inhibitor tauroursodeoxycholic acid on the development of hypertension. 27 Thus, the contribution of ER stress to sympathetic excitation may vary depending upon the experimental model studied.
The excitatory milieu of the HF brain might be considered highly conducive to the induction of ER stress. Increased RAS activity, inflammation, and reactive oxygen species -all present in cardiovascular regulatory regions of the brain in that setting [17] [18] [19] 28 -are all reported to induce ER stress. 7, 13, [29] [30] [31] [32] The present study confirms that ER stress is present in the SFO and PVN of rats with ischemia-induced HF, but its contribution to the augmented sympathetic activity in this model remains to be determined.
The present study also highlights an underappreciated relationship between MAPK signaling and ER stress. While MAPK signaling is known to occur downstream from ER stress, 4, 5 many of the factors that drive ER stress are products of MAPK signaling. Phosphorylated MAPKs act upon the transcription factors activator protein-1 and NF-κB, 33, 34 which can upregulate the expression of angiotensinogen, the precursor of ANG II, and the ANG II type 1 receptor, as well as the pro-inflammatory cytokines TNF-α and IL-1β and COX-2. [35] [36] [37] [38] Thus, inhibition of MAPK signaling in HF may interrupt a feed-forward mechanism driving ER stress and its downstream consequences. The observation that the MAPK inhibitors reduce the expression of the inflammatory mediators TNF-α, IL-1β and COX-2 and markers of ER stress in the PVN and SFO in HF rats is consistent with that hypothesis. Inhibition of MAPK signaling also normalized the NF-κB activity in the SFO and PVN, suggesting that MAPK-driven NF-κB activity contributes to the production of cytokines in the HF brain.
Chronic ICV treatment of HF rats with either the p44/42 MAPK or the p38 MAPK inhibitor significantly reduced circulating NE levels, a general indicator of the level of sympathetic nerve activity. Because central inhibition of p44/42 MAPK signaling is known to have beneficial effects in heart failure 3 and angiotensin II-induced hypertension, 20 we examined the effects of central inhibition of MAPK activity on cardiac function. Consistent with previous studies of the effects of central interventions that reduce sympathetic drive, 39-41 there was no improvement in echocardiographically defined LVEF or LV volume/mass ratio. However, LVEDP, wet lung/BW and RV/BW ratios were reduced and LV max dP/dt was improved, likely reflecting reduced sympathetic drive to the kidneys and the vasculature with accompanying reductions in preload and afterload. Similar improvements of LV function were observed in prior studies in which targeted interventions in brain reninangiotensin system activity reduced sympathetic activity in HF rats. [40] [41] [42] [43] 
Perspectives
The present study extends understanding of the role of brain MAPK signaling in HF. To our knowledge, this is the first evidence that MAPK signaling drives ER stress and the UPR in cardiovascular regulatory regions of the brain in HF, likely by affecting transcriptional upregulation of renin-angiotensin system activity and the production of proinflammatory cytokines. Interrupting this apparent feed-forward central circuit by targeting brain MAPK signaling -and particularly p44/42 or p38 MAPK signaling -may simultaneously treat multiple central mechanisms that contribute to the augmented sympathetic nerve activity in HF.
How to achieve inhibition of brain MAPK signaling remains problematic. Microparticle approaches providing sustained circulating drug levels and nanoparticle approaches to facilitating passage across the blood-brain barrier offer promise. In addition, advantage might be taken of the vascular vulnerability of circumventricular organs like the SFO, whose activity influences intraparenchymal nuclei regulating sympathetic drive. Because of the many similarities in the central neurochemical abnormalities and neural mechanisms in HF and hypertension, the findings of this study may also provide important new insights into potential therapeutic interventions in hypertension. 
Novelty and Significance
What Is New?
• Expression of ER stress biomarkers including GRP78, ATF6, P58 IPK , CHOP, XBP-1 and ATF4 is upregulated in SFO and PVN, two key cardiovascular autonomic regions of the brain, in rats with heart failure.
• Chronic central inhibition of MAPK signaling reduces markers of ER stress and inflammation in PVN and SFO of rats with heart failure.
• Chronic central inhibition of MAPK signaling decreases sympathetic nerve activity and reduces the peripheral manifestations of heart failure.
What Is Relevant?
• In addition to its known effects to upregulate the brain renin-angiotensin system, MAPK signaling augments the expression of ER stress and inflammatory mediators in cardiovascular regions of the brain in heart failure.
• Similar mechanisms may contribute to neurogenic hypertension.
Summary
MAPK signaling contributes to ER stress and inflammation in cardiovascular regions of the brain in heart failure. Inhibition of brain MAPK signaling reduces sympathetic activation and the progression of cardiac dysfunction in heart failure. Brain MAPK signaling is a potential novel therapeutic target in heart failure. Laser confocal images showing the immunofluorescent staining of ER stress biomarkers GRP78, XBP-1 and ATF4 in subfornical organ (SFO) and hypothalamic paraventricular nucleus (PVN) in VEH-treated heart failure (HF+VEH) rats and HF rats treated ICV for 4 weeks with the p44/42 MAPK inhibitor PD98059 (HF+PD).
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